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Abstract: The feasibility of a scheme in which the concentration of CO2 in gas-liquid solution
is directly measured based on PZT piezoelectric-photoacoustic spectroscopy was evaluated. The
existing device used for the measurement of gas concentration in gas-liquid solution has several
limitations, including prolonged duration, loss of gas, and high cost due to the degassing component.
In this study, we developed a measuring device in order to solve the problems mentioned above.
Using this device, how the intensity of the photoacoustic signal changes with the concentration
of CO2 was demonstrated through experiment. The impact that variation of the laser modulation
frequency has on the photoacoustic signal was also studied. Furthermore, the experimental data
generated from measuring the concentration of CO2 in gas-liquid solution was verified for a wide
range of concentrations. It was found that, not only can the error rate of the device be less than 7%,
but the time of measurement can be within 60 s. To sum up, the scheme is highly feasible according
to the experimental results, which makes measurement of the concentration of a gas in gas-liquid
solution in the future more straightforward.

Keywords: gas-liquid solution; direct measurement; photoacoustic spectroscopy; PZT piezoelec-
tric effect

1. Introduction

At the present time, the technology of measuring trace gas concentration is of great
importance in the fields of environmental monitoring, power systems, medical assessment
and others [1–3]. In 2020, Dan C. Dumitras et al. described in detail the application of
near-infrared photoacoustic spectroscopy in human breath analysis, which provided dif-
ferent sampling methods for human disease screening [4]. Photoacoustic spectroscopy is
commonly applied in the measurement of trace gas concentrations due to its quick response,
high reliability, and strong anti-interference ability [5–7]. In 2017, Klemens, M. et al. mea-
sured the concentration of N2O in a gas-liquid solution (wastewater) using photoacoustic
spectroscopy in an experimental setup [8]. In 2020, Liu et al. measured the concentration of
CO2 in gas-liquid solution (transformer oil) using FTIR-PAS technology, with the sensitivity
of the sensor reaching 4 µL/L [9]. However, previous devices used for the measurement of
gas concentration in gas-liquid solution based on photoacoustic spectroscopy need to be
degassed during the process of measurement because the capacitive microphone which
acts as the main acoustic measurement sensor cannot work normally in a liquid environ-
ment [10,11]. Therefore, these devices have been shown to have certain disadvantages in
terms of the length of time of measurement, the large volume of the device, loss of gas, and
a relatively higher error rate [12–14].

PZT piezoelectric transducers are high-sensitivity sensors for acoustic-electric mea-
surement, mainly employed for photoacoustic measurement of liquid and solid [15–17]
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and allowing direct contact with the analyte [18–21]. They are commonly used in medical
imaging [22], the study of nanoparticle suspensions [22], and photoacoustic imaging [23].
Apart from functioning as sensors for measuring thermal diffusivity [19,20,22], PZT piezo-
electric transducers can also act as sensors for measuring acoustic vibration to obtain the
concentration of trace gases [24]. In 2004, Ledermann carefully compared the structure of
PZT thin-film cantilever beams with a bridge acoustic sensor and found that the measure-
ment sensitivity of the former proved to be ppm [25] through an experiment involving the
measurement of the concentration of CO2. In 2020, Kanchalar Keeratirawee et al. measured
the concentration of NO2 using PZT piezoelectric transducers and the fitting rate reached
0.998 [26]. In sum, the PZT piezoelectric ceramic microphone, which acts as a PZT piezo-
electric transducer, enables the collection of the photoacoustic signal generated by a gas
in a liquid. Therefore, PZT piezoelectric-photoacoustic spectroscopy makes it possible to
directly measure the gas concentration in a gas-liquid solution.

The novel contribution of the present study is that the current measuring device based
on photoacoustic spectroscopy can only measure the concentration of a single phase (e.g.,
gas, liquid, solid); however, for the mixed phase state (gas-liquid), it needs to be equipped
with a degassing device, which cannot directly measure the gas concentration. In this paper,
the feasibility of the direct measurement of the concentration of CO2 in a gas-liquid solution,
based on PZT piezoelectric-photoacoustic spectroscopy, was investigated experimentally
in order to apply photoacoustic spectroscopy to the field of measurement of concentration
in mixed phase (gas-liquid) in the future.

2. The Device and Method of the Experiment

The measuring device proposed in this paper is mainly composed of a laser signal
modulation system, a photoacoustic signal acquisition system and a data processing system.
Its structure diagram is shown in Figure 1. The function of the photoacoustic signal modu-
lation system is to control the laser power, output wavelength and output pulse frequency.
The photoacoustic signal acquisition system consists of a closed liquid photoacoustic cell
and a PZT piezoelectric ceramic microphone. The collected photoacoustic signal is trans-
mitted to the data acquisition card after being amplified by the charge amplifier, which is
followed by data transmission from the acquisition card to the PC for storage, processing
and display.
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2.1. Method

Unlike the traditional method of measurement, which mainly utilizes absorption spec-
troscopy, and the device usually measures the analyte’s power of absorbed light after the
laser has passed through a certain path, measurement based on photoacoustic spectroscopy
is different in terms of both theory and methodology. The schematic diagram is shown in
Figure 2. The analyte first enters a closed photoacoustic cavity. Here, with a light source
of radiation inducing it to absorb energy, the molecule of the analyte jumps from a low
energy level to a high one. However, the high energy level of the analyte molecule eventu-
ally returns to a low energy level as its energy is distributed through its own release and
non-radiation relaxation. Moreover, the molecular energy is converted into translational
energy during the non-radiation relaxation process, which causes the temperature of the
analyte to rise. In addition, the frequency of the temperature change of the analyte in the
photoacoustic cell can be kept the same as the frequency of modulation by modulating the
frequency of the incident light. The temperature change in the photoacoustic cell results in
a pressure change in the photoacoustic cell, which causes the emergence of the acoustic
signal. The acoustic sensor converts the acoustic signal into a photoacoustic signal. The
concentration of the analyte can be accurately calculated using the known proportional
relationship between the intensity of the photoacoustic signal and the concentration of
the analyte.
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Given that the laser intensity of the incident beam is I(r, t) and the frequency is ω,
the heat source H(r, t) generated from the light energy absorbed by the sample gas can be
expressed by the following formula under the condition of unsaturated absorption:

H(r, t) = αI(r, t) (1)

In Formula (1), α is the absorption coefficient of the sample

α = Nδ (2)

In Formula (2), δ is the absorption cross-section of the molecular. From Formula (2), it
can be seen that, for the light wave whose wavelength is λ, its absorption coefficient α is a
function of N (the absorption molecular concentration) and the absorption cross-section
which describes the molecular transition characteristics. If δ is known, along with the
wavelength of the incident light being λ, N can be determined by the strength of H(r, t).

2.2. Laser Signal Modulation System

The laser signal modulation system includes a laser controller, a near-infrared fixed-
wavelength DFB semiconductor laser (1580.35 nm), and an optical focusing element. Its
structure diagram is shown in Figure 3. The DFB semiconductor laser installed on the heat
dissipation base is controlled by a laser controller which can output a pulsed laser with a
fixed power, wavelength and frequency by modulation of the temperature and current of
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the laser. The laser light enters the photoacoustic cell after being collimated by the collimator.
Furthermore, since the purpose of the device is to directly measure the concentration of
CO2 in the gas-liquid solution, the collimator is installed on the photoacoustic cell in order
to prevent the laser from propagating through two kinds of media. In addition, disturbing
noise caused by the deviation of the laser path can be avoided by the alignment of the
collimator to the photoacoustic cavity because it can ensure that the laser light propagates
in a straight line in the photoacoustic cell.
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2.3. The Photoacoustic Signal Acquisition System

The photoacoustic signal acquisition system comprises two main parts: a liquid
photoacoustic cell and a PZT piezoelectric ceramic microphone. The collection of the
photoacoustic signal is accomplished by the PZT piezoelectric ceramic microphone and
plays an essential role in the measurement of CO2 concentration. In addition, the size of
the photoacoustic cell has a direct impact on the resonant frequency of the photoacoustic
cell, the intensity of the photoacoustic signal generated by the analyte in the photoacoustic
cell, and the sensitivity of the measuring device [3,27].

The liquid photoacoustic cell adopts a cylindrical structure. Its structure is shown in
Figure 4. The symmetrical structure of the cylindrical photoacoustic cell facilitates stable
transmission of the laser. At the same time, a less demanding manufacturing process makes
it ideal to use in the experiment.

When ω (the modulation frequency of the laser) is less than ω0 (the resonance fre-
quency of the photoacoustic cell), the photoacoustic cell is in a non-resonant mode. Based
on the condition above, it can be assumed that the pressure in the whole photoacoustic
cell is almost the same. The sound pressure is evenly distributed in the photoacoustic
cell [28–30]. The intensity of the photoacoustic signal in the photoacoustic cell can be
expressed as:

A(ω) =
π2
√

2
SC

αβ

Cp
· I0 ∑l

m=0 R(r, r0)Am(r, r0, ω)

ω
(3)

l =‖ r0ω

2SC
‖ (4)
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In Formula (3), S is the light scattering factor, C is the speed of sound in the bubble-
containing liquid, β is the isothermal expansion coefficient, and Cp is the specific heat at
constant pressure, m is the order of higher harmonics, r is the radius of the photoacoustic
cell, r0 is the radius of the laser beam. The photoacoustic signal in the liquid photoacoustic
cell is shown in Figure 5.
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When the modulation frequency of the laser is not greater than 1 kHz, then l = 0, and
the intensity of the photoacoustic signal can be expressed as:

A(ω) = ξ · I0R(r, r0)

ω
(7)

ξ =
π√

2
SC

Nδβ

Cp
(8)

In Formula (7), I0 is the maximum intensity of the laser, ξ is the coefficient which
represents the conversion of light energy into mechanical energy, through which the
concentration of the gas can be obtained.
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The working principle of a piezoelectric transducer is the piezoelectric effect. The
piezoelectric effect is observed when deformation of the piezoelectric material causes the
electric polarization of the material to change. That is, when the piezoelectric material
is subjected to a mechanical load, the charges appear on some opposite surfaces of the
piezoelectric material [31]. The sensitivity of the PZT piezoelectric ceramic microphone
designed in this article is (−150 ± 2) dB, and the resonance frequency is (27 ± 2) kHz.
Structural and physical pictures are shown in Figure 6. Compared with traditional con-
denser microphones, PZT piezoelectric ceramic microphones can utilize all the light energy
absorbed by the sample in a more effective way. Therefore, it is easier to measure samples
with general absorption characteristics compared with gas microphones.

Sensors 2022, 22, 936 6 of 12 
 

 

𝜉 = 𝜋√2 𝑆𝐶 𝑁𝛿𝛽𝐶  (8) 

In Formula (7), 𝐼 is the maximum intensity of the laser, 𝜉 is the coefficient which 
represents the conversion of light energy into mechanical energy, through which the con-
centration of the gas can be obtained. 

The working principle of a piezoelectric transducer is the piezoelectric effect. The 
piezoelectric effect is observed when deformation of the piezoelectric material causes the 
electric polarization of the material to change. That is, when the piezoelectric material is 
subjected to a mechanical load, the charges appear on some opposite surfaces of the pie-
zoelectric material [31]. The sensitivity of the PZT piezoelectric ceramic microphone de-
signed in this article is (−150 ± 2) dB, and the resonance frequency is (27 ± 2) kHz. Structural 
and physical pictures are shown in Figure 6. Compared with traditional condenser micro-
phones, PZT piezoelectric ceramic microphones can utilize all the light energy absorbed 
by the sample in a more effective way. Therefore, it is easier to measure samples with 
general absorption characteristics compared with gas microphones. 

Connector

Pressure Signal Connector

Electrode Sheet

Center Column

Shell

Piezoelectric Ceramic Ring

ɸ8
ɸ20
ɸ39

  

(a) (b) 

Figure 6. (a) Plane structure of piezoelectric ceramic microphone; (b) Physical picture of piezoelec-
tric ceramic microphone. 

2.4. Data Processing System 
The data processing system of this device is mainly composed of a charge amplifier, 

R/C filter, data acquisition card and computer. The charges collected by the PZT piezoe-
lectric ceramic microphone are amplified by the charge amplifiers, which is followed by 
the filtering of the output voltage signal through a filter and then input to the data acqui-
sition card. In addition to collecting signals from the PZT piezoelectric ceramic micro-
phone, the data acquisition card also collects data from pressure sensors and temperature 
sensors. What the data acquisition card collects is input into the computer for arithmetic 
processing. Finally, the gas concentration is calculated. The flowchart of the data pro-
cessing system is shown in Figure 7. 

Figure 6. (a) Plane structure of piezoelectric ceramic microphone; (b) Physical picture of piezoelectric
ceramic microphone.

2.4. Data Processing System

The data processing system of this device is mainly composed of a charge amplifier,
R/C filter, data acquisition card and computer. The charges collected by the PZT piezoelec-
tric ceramic microphone are amplified by the charge amplifiers, which is followed by the
filtering of the output voltage signal through a filter and then input to the data acquisition
card. In addition to collecting signals from the PZT piezoelectric ceramic microphone, the
data acquisition card also collects data from pressure sensors and temperature sensors.
What the data acquisition card collects is input into the computer for arithmetic processing.
Finally, the gas concentration is calculated. The flowchart of the data processing system is
shown in Figure 7.
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3. Experiment 
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3. Experiment

The first experiment sought to analyze the relationship between the intensity of a
photoacoustic signal and the concentration of CO2. The analyte to be measured by the
device proposed in this article was the standard gas-liquid solution with a concentration
of CO2 ranging from 3 mL/L to 21 mL/L. The output frequency of the pulsed laser was
20 Hz. The experimental temperature was kept at 27 ◦C, and the current at 70 mA. The
temperature of the solution was maintained at room temperature, and the pressure in the
photoacoustic cell was standard atmospheric pressure. Each measurement required the
following steps:

1. Preheating of the charge amplifier for 30 min, and exporting of the charge of the PZT
piezoelectric ceramic microphone before connection to the charge amplifier;

2. Cleaning of the inner wall of the photoacoustic cell, then letting in inert gas for ten
minutes. Setting the temperature of the laser at room temperature, with an output
current of 70 mA. Collection occurred until the laser output power was stabilized;

3. Pouring a standard CO2 solution into the photoacoustic tank through a water pump.
During this period, controlling the pressure sensor and temperature sensor in order
to ensure that the pressure in the tank was standard atmospheric pressure and the
temperature was room temperature after the solution was flushed each time.

How variation in the laser modulation frequency influenced the intensity of the
photoacoustic signal was also studied in this experiment using the device proposed in
this paper. The modulation frequency of the laser varied from 20 Hz to 1 kHz. With the
concentration of CO2 in the solution being 6.6 mL/L, the measurements were carried out
according to the following procedures:

1. Filling of the photoacoustic cell with high-purity N2 for ten minutes in case gaseous
impurities remained;

2. Pouring the solution, in which the concentration of CO2 was 6.6 mL/L, into the closed
photoacoustic cell at room temperature;

3. Irradiating the pulsed laser, with frequency 20 Hz–1 kHz, into the photoacous-
tic cell, and observing the response of the photoacoustic signal under different
modulation frequencies.

4. Experimental Results

The first experiment mainly sought to analyze how the intensity of photoacoustic
signal changes as the concentration of CO2 varies. The data acquisition card collected
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100 sets of data, each of which included 10,240 sampling points. Each sampling point
corresponded to the voltage values output by the charge amplifier. The peak voltage value
of each set of data was selected and then the average value calculated, being the voltage
for different concentrations of CO2. The results are shown in Figure 8. Figure 9 shows the
calibration curves of different CO2 concentrations versus photoacoustic signal intensity.
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The second experiment was conducted for the purpose of analyzing how the variation
of the laser modulation frequency affects the intensity of photoacoustic signal. We collected
100 sets of data, each of which included 10,240 sampling points obtained by the charge
amplifier at each frequency. The peak voltage of each set of data was selected and then
the average value calculated. Finally, the curve of the photoacoustic signal intensity
under different modulation frequencies was drawn. Figure 10 shows the response of the
photoacoustic signal under different modulation frequencies.
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Figure 10. Photoacoustic signals under different modulation frequencies.

The third experiment was carried out to measure the concentration of CO2 in standard
gas-liquid solution using the device proposed in this paper. The concentrations of CO2 in
the standard solution were 3.05 mL/L, 6.23 mL/L, 9.16 mL/L, 12.35 mL/L, 16.07 mL/L
and 18.66 mL/L. The output frequency of the pulsed laser was 20 Hz, the temperature
was 27 ◦C, and the current was 70 mA. Each of the CO2 solutions referred to above were
measured 120 times, one by one, and on each occasion the measurement was for less
than one minute. The solution was kept at room temperature, and the pressure in the
photoacoustic cell was standard atmospheric pressure. The measurement results are shown
in Figure 11 and the specific data is displayed in Table 1.
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Table 1. Specific measurement data.

Standard Value
(mL/L)

Average Value
(mL/L)

Relative Error
(%)

Time of a Single
Measurement

(s)

3.05 2.85 6.4 54
6.23 5.82 6.5 56
9.16 8.56 6.5 52
12.35 11.51 6.7 53
16.07 15.01 6.6 55
18.66 17.39 6.8 54

5. Discussion and Conclusions

From Figure 8, the conclusion can be drawn that the intensity of the photoacoustic
signal gradually increased as the concentration of CO2 in the solution increased, which
is consistent with results described in [5]. The photoacoustic signal collected by the PZT
piezoelectric ceramic microphone changed with the concentration of CO2; specifically, the
intensity of the photoacoustic signal was found to be proportional to the concentration of
CO2. Therefore, the measuring device proposed in this paper was able to directly measure
the concentration of CO2 in gas-liquid solution.

From Figure 10, it can be inferred that the intensity of the photoacoustic signal gradu-
ally decreased as the laser modulation frequency increased. When the laser modulation
frequency was above 100 Hz, the intensity of the CO2 photoacoustic signal hardly changed.
This does not conform to the inverse relationship between the intensity of the photo-acoustic
signal and the modulation frequency of the laser described in Equation (6) in the text. The
reason is that when the laser modulation frequency is above 400 Hz, the response of the
PZT piezoelectric ceramic microphone to the intensity change of the photoacoustic signal of
CO2 is not obvious. Since previous measurement devices include a degassing component,
this generates a different experimental result [32]. This can be primarily explained by the
fact that CO2 is in a different environment. Secondly, the photoacoustic cell used in [32]
operates in a resonance mode (1.7 kHz), while the device proposed in this paper operates
in a non-resonant mode (20 Hz). Moreover, the results regarding the relationship between
the modulation frequency of the laser and the photoacoustic signal intensity obtained from
the experimental research on the measurement of gas concentration in pure liquid based
on photoacoustic spectroscopy is similar to what has been recorded in the literature [33].

It is evident from Table 1 that the overall measurement error of the device was under
7%, which is obtained from comparison of the average value of the concentration of CO2
obtained from experimental measurement and the standard value of the concentration of
CO2 represented by the original standard solution. Therefore, the device proposed in this
paper can meet the requirement of measurement accuracy. On the other hand, as is shown
in Table 1, it is clear that the average value of the concentration of CO2 in each solution was
lower than that of the standard solution, which can be explained by the loss of CO2 caused
by the liquid pump at the very beginning of the experiment. Finally, figures in Table 1
demonstrate that the time of each measurement was less than 60 s, which saved at least
10 min compared with devices proposed in the literature [34,35].

In conclusion, the series of experiments undertaken confirm that the scheme proposed
in this paper is feasible. Above all, it has been demonstrated that the concentration of
CO2 in the gas-liquid solution is proportional to the intensity of the photoacoustic signal
generated by the CO2. Furthermore, the photoacoustic signal of CO2 gradually declines
as the laser modulation frequency increases. In addition, compared with the traditional
experimental device, the device proposed in this article can shorten the measurement
time to tens of seconds due to the removal of the degassing component. In the future,
research will focus on improvement of the device in terms of sensitivity and its lower
limit of measurement. By experiment, this paper has only studied the measurement of the
concentration of a single-component gas (CO2) in gas-liquid solution. For future study, the
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focus may include application of the device to the measurement of multi-component gas
concentration in gas-liquid solution.
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11. Zakrzewski, J.; Maliński, M.; Chrobak, Ł.; Pawlak, M. Comparison of Theoretical Basics of Microphone and Piezoelectric

Photothermal Spectroscopy of Semiconductors. Int. J. Thermophys. 2016, 38, 2. [CrossRef]
12. Jiang, J.; Wang, Z.; Han, X.; Zhang, C.; Ma, G.; Li, C.; Luo, Y. Multi-gas detection in power transformer oil based on tunable diode

laser absorption spectrum. IEEE Trans. Dielectr. Electr. Insul. 2019, 26, 153–161. [CrossRef]
13. Mao, X.; Zhou, X.; Zhai, L.; Yu, Q. Dissolved Gas-in-Oil Analysis in Transformers Based on Near-Infrared Photoacoustic

Spectroscopy. Int. J. Thermophys. 2015, 36, 940–946. [CrossRef]
14. Sepulveda-Jauregui, A.; Martinez-Cruz, K.; Strohm, A.; Anthony, K.M.W.; Thalasso, F. A new method for field measurement

of dissolved methane in water using infrared tunable diode laser absorption spectroscopy. Limnol. Oceanogr. Methods 2012, 10,
560–567. [CrossRef]

15. Laufer, J.; Jathoul, A.; Pule, M.; Beard, P. In vitro characterization of genetically expressed absorbing proteins using photoacoustic
spectroscopy. Biomed. Opt. Express 2013, 4, 2477–2490. [CrossRef] [PubMed]

16. He, Q.; Zhang, Q.; Cao, W.; Yin, T.; Zhao, S.; Yin, X.; Zhao, H.; Tao, W. Detecting trace of mercury ions in water using photoacoustic
method enhanced by gold nanospheres—Sciencedirect. Microchem. J. 2019, 150, 104058. [CrossRef]

17. Sun, Q.-M.; Gao, C.-M.; Zhao, B.-X.; Rao, H.-B. Thermal diffusivity of light-emitting diode packaging material determined by
photoacoustic piezoelectric technique. Chin. Phys. B 2010, 19, 118103. [CrossRef]

18. Hernandez-Aguilar, C.; Dominguez-Pacheco, A.; Valderrama-Bravo, C.; Cruz-Orea, A.; Ortiz, E.M.; Ordonez-Miranda, J.
Photoacoustic Spectroscopy in the Characterization of Bread with Turmeric Addition. Food Bioprocess Technol. 2020, 13, 2104–2119.
[CrossRef]

19. Bodzenta, J.; Pustelna, B.; Kleszczewski, Z. Photoacoustic imaging of ion-implanted semiconductor samples. Ultrasonics 1993, 31,
315–319. [CrossRef]

20. Chen, J.; Zhang, L.; Liang, Y.-C. Exploiting Gaussian Mixture Model Clustering for Full-Duplex Transceiver Design. IEEE Trans.
Commun. 2019, 67, 5802–5816. [CrossRef]

http://doi.org/10.5194/acp-19-813-2019
http://doi.org/10.1364/OE.418256
http://www.ncbi.nlm.nih.gov/pubmed/33726053
http://doi.org/10.1016/j.pacs.2021.100303
http://doi.org/10.3390/molecules25071728
http://doi.org/10.1109/JSEN.2021.3060133
http://doi.org/10.1016/j.measurement.2019.02.068
http://doi.org/10.1364/OE.424387
http://doi.org/10.1007/s00216-017-0418-3
http://doi.org/10.3964/j.issn.1000-0593(2020)03-0684-04
http://doi.org/10.1109/TIM.2021.3102746
http://doi.org/10.1007/s10765-016-2137-y
http://doi.org/10.1109/TDEI.2018.007535
http://doi.org/10.1007/s10765-014-1713-2
http://doi.org/10.4319/lom.2012.10.560
http://doi.org/10.1364/BOE.4.002477
http://www.ncbi.nlm.nih.gov/pubmed/24298408
http://doi.org/10.1016/j.microc.2019.104058
http://doi.org/10.1088/1674-1056/19/11/118103
http://doi.org/10.1007/s11947-020-02546-2
http://doi.org/10.1016/0041-624X(93)90063-6
http://doi.org/10.1109/TCOMM.2019.2915225


Sensors 2022, 22, 936 12 of 12

21. Bell, K.; Reza, P.H. Non-contact reflection-mode optical absorption spectroscopy using photoacoustic remote sensing. Opt. Lett.
2020, 45, 3427–3430. [CrossRef] [PubMed]

22. Dubyk, K.; Pastushenko, A.; Nychyporuk, T.; Burbelo, R.; Isaiev, M.; Lysenko, V. Thermal conductivity of silicon nanomaterials
measured using the photoacoustic technique in a piezoelectric configuration. J. Phys. Chem. Solids 2018, 126, 267–273. [CrossRef]

23. Kitai, T.; Torii, M.; Sugie, T.; Kanao, S.; Mikami, Y.; Shiina, T.; Toi, M. Photoacoustic mammography: Initial clinical results. Breast
Cancer 2012, 21, 146–153. [CrossRef] [PubMed]

24. Lv, H.; Luo, H.; Zheng, H.; Zhu, W.; Fang, J.; Yu, J.; Tittel, F.; Chen, Z. Application of piezoelectric transducers in photoacoustic
spectroscopy for trace gas analysis. Microw. Opt. Technol. Lett. 2021, 63, 2040–2051. [CrossRef]

25. Ledermann, N.; Muralt, P.; Baborowski, J.; Forster, M.; Pellaux, J.P. Piezoelectric pb(zrx, ti1-x)o3 thin film cantilever and bridge
acoustic sensors for miniaturized photoacoustic gas detectors. J. Micromech. Microeng. 2004, 14, 1650–1658. [CrossRef]

26. Keeratirawee, K.; Hauser, P.C. Piezoelectric tube as resonant transducer for gas-phase photoacoustics. Anal. Chim. Acta 2020,
1147, 165–169. [CrossRef]

27. Cao, Y.; Liu, Q.; Wang, R.; Liu, K.; Chen, W.; Wang, G.; Gao, X. Development of a 443 nm diode laser-based differential
photoacoustic spectrometer for simultaneous measurements of aerosol absorption and NO2. Photoacoustics 2021, 21, 100229.
[CrossRef]

28. Luo, J.; Fang, Y.H.; Zhao, Y.D.; Wang, A.J.; Li, D.C.; Li, Y.Y.; Liu, Y.; Cui, F.X.; Wu, J.; Liu, J.X. Research on the detection of SF6
decomposition products based on non-resonant photoacoustic spectroscopy. Anal. Methods 2014, 7, 1200–1207. [CrossRef]

29. Sawada, T. Principles and Applications of Photoacoustic Spectroscopy; Peking University Press: Beijing, China, 1988.
30. Yin, Q. Photoacoustic Photothermal Technology and Its Application; Science Press: Beijing, China, 1991.
31. Russo, S.D.; Zhou, S.; Zifarelli, A.; Patimisco, P.; Sampaolo, A.; Giglio, M.; Iannuzzi, D.; Spagnolo, V. Photoacoustic spectroscopy

for gas sensing: A comparison between piezoelectric and interferometric readout in custom quartz tuning forks. Photoacoustics
2020, 17, 100155. [CrossRef]

32. Yin, X.; Gao, M.; Miao, R.; Zhang, L.; Zhang, X.; Liu, L.; Shao, X.; Tittel, F.K. Near-infrared laser photoacoustic gas sensor for
simultaneous detection of CO and H2S. Opt. Express 2021, 29, 34258–34268. [CrossRef]

33. Marín, E.; Vera-Medina, G.; Garcia, A.; Calderon, A. On the modulation frequency dependence of the photoacoustic signal for a
metal coated glass-liquid system. Open Phys. 2010, 8, 634–638. [CrossRef]

34. Chen, T.; Ma, F.; Zhao, Y.; Zhao, Y.; Wan, L.; Li, K.; Zhang, G. Portable ppb-level acetylene photoacoustic sensor for transformer
on-field measurement. Optik 2021, 243, 167440. [CrossRef]

35. Chen, Y.; Wang, Z.; Li, Z.; Zheng, H.; Dai, J. Development of an Online Detection Setup for Dissolved Gas in Transformer
Insulating Oil. Appl. Sci. 2021, 11, 12149. [CrossRef]

http://doi.org/10.1364/OL.394637
http://www.ncbi.nlm.nih.gov/pubmed/32630862
http://doi.org/10.1016/j.jpcs.2018.12.002
http://doi.org/10.1007/s12282-012-0363-0
http://www.ncbi.nlm.nih.gov/pubmed/22484692
http://doi.org/10.1002/mop.32830
http://doi.org/10.1088/0960-1317/14/12/008
http://doi.org/10.1016/j.aca.2020.12.063
http://doi.org/10.1016/j.pacs.2020.100229
http://doi.org/10.1039/C4AY02648A
http://doi.org/10.1016/j.pacs.2019.100155
http://doi.org/10.1364/OE.441698
http://doi.org/10.2478/s11534-009-0121-x
http://doi.org/10.1016/j.ijleo.2021.167440
http://doi.org/10.3390/app112412149

	Introduction 
	The Device and Method of the Experiment 
	Method 
	Laser Signal Modulation System 
	The Photoacoustic Signal Acquisition System 
	Data Processing System 

	Experiment 
	Experimental Results 
	Discussion and Conclusions 
	References

